Abstract CO 2 and CH 4 exchange are strongly affected by hydrology in landscapes underlain by permafrost.
Introduction
The hydrology of Arctic tundra is strongly affected by poor drainage in landscapes underlain by impermeable permafrost. The consequent redistribution of surface and near-surface water along topographic gradients causes large spatial variation in soil water contents (θ) and plant functional types (PFTs) within tundra landscapes which affect ecosystem productivity [Sturtevant and Oechel, 2013] . In higher topographic positions from which water is shed, lower θ reduces soil heat capacity which enables earlier soil warming that may hasten early season productivity relative to that in lower topographic positions [Hodkinson et al., 1999] . However, lower θ may also cause productivity in higher topographic positions to be more adversely affected by water stress and consequent lower stomatal conductance (g c ) under higher air temperatures (T a ) and vapor pressure deficits (D) during warming events later in the growing season [Williams et al., 2000] .
In lower topographic positions where water gathers, high θ reduces heterotrophic respiration (R h ) relative to that at higher topographic positions. This reduction is caused by slower O 2 uptake by aerobic heterotrophs, and hence slower redox reactions driven by O 2 reduction, forcing alternative redox reactions with smaller energy yields (e.g., methanogenesis). The consequent slowing of soil C oxidation and hence of soil nutrient mineralization and plant nutrient uptake reduces gross primary productivity (GPP) and hence net primary productivity (NPP) relative to those at higher topographic positions. However, the reduction of NPP in lower versus higher topographic positions is thought to be less than that in R h so that net ecosystem productivity (NEP = NPP À R h ) in lower positions may be greater. These different effects of θ on NPP and R h may explain the smaller R h but larger NEP of wet-sedge versus moist-tussock tundra found by Vourlitis et al. [2000] . of wet-sedge tundra caused greater increases in CO 2 uptake than in CO 2 emission, which they attributed to constraints on ecosystem respiration (R e ) from high θ. In contrast, they found that experimental warming of drier tundra frequently caused greater increases in CO 2 emission than in CO 2 uptake and in some cases caused decreases in CO 2 uptake. Marchand et al. [2005] also found that experimental warming of a grassland tundra raised R e more than CO 2 fixation, thereby reducing net CO 2 uptake. These contrasting responses of net CO 2 exchange to warming in wet and dry tundra may explain results from the meta-analysis of Elmendorf et al. [2012] in which experimental warming increased total shrub abundance at moist and wet sites but decreased it at dry sites. Warming effects on ecosystem function were generally found to increase linearly with duration of warming for up to 20 years (the maximum included in the meta-analysis) but occasionally to cease or decline with time (transient effects) [Elmendorf et al., 2012] . Consequently, there is strong evidence that responses in net CO 2 exchange and productivity of tundra ecosystems to warming over time will depend upon their hydrology as determined by their topographic positions.
Changes in productivity of Arctic ecosystems with long-term climate warming are often projected by process-based models with inputs for weather, soil attributes, and plant functional types (PFTs) for Arctic regions [e.g., McGuire et al., 2012; Zhu et al., 2013] . However, these projections need to be supported by well-constrained tests of changes in productivity of diverse Arctic ecosystems modeled under ambient changes in weather at diurnal, seasonal, and annual time scales. Such tests require that models represent landscape hydrology and its effects on key processes governing C, O 2 , water, heat, and nutrient transformations and transfers that determine NPP and R h [e.g., Miller and Smith, 2012] . Most models currently used for such projections do not represent landscape hydrology, lack well-tested nutrient cycles, and usually function at time steps (e.g., monthly) that are much longer than those of hydrological effects on these key processes (e.g., hourly) that determine productivity. Consequently, these models are capable of only poorly constrained tests against temporally aggregated observations of weather and productivity.
There is a need for future projections of climate change impacts on Arctic productivity to be based on models in which a comprehensive set of processes governing C, O 2 , water, heat, and nutrient transformations and transfers that drive ecosystem productivity are fully coupled with landscape hydrology at appropriate time steps and so are capable of better constrained tests. Here we implement and test this coupling in the ecosystem model ecosys, in which a comprehensive set of fully coupled biological and hydrological processes has been extensively tested against eddy covariance fluxes and related ecophysiological measurements under contrasting site and weather conditions in boreal, temperate, and tropical forests [Grant et al., 2007b [Grant et al., , 2007c [Grant et al., , 2009a [Grant et al., , 2009b [Grant et al., , 2009c [Grant et al., , 2010 ; wetlands [Dimitrov et al., 2011 [Dimitrov et al., , 2014 Grant and Roulet, 2002; Grant et al., 2012b; Mezbahuddin et al., 2014] ; grasslands [Grant and Flanagan, 2007; Grant et al., 2012a] ; tundra [Grant et al., 2003 [Grant et al., , 2011a ; and croplands [Grant et al., 2007a [Grant et al., , 2011b .
A unique opportunity to test the modeled effects of differences in hydrology on ecosystem productivity under ambient changes in weather was provided by concurrent multiyear measurements of CO 2 and energy exchange by eddy covariance (EC) over a mixed tundra and a fen within the same watershed at Daring Lake, NWT . We will determine whether model hypotheses for these coupled biological and hydrological processes, functioning under contrasting hydrological conditions, explain different responses of CO 2 and CH 4 exchange to changes in weather observed in these distinct tundra types. Based on earlier findings , these different responses and their proposed explanations include 1. net C uptake is more adversely affected by short-term warming in mixed tundra than in fen because CO 2 fixation in mixed tundra is more limited by g c . 2. R e rises more during short-term warming in mixed tundra than in fen because R h and belowground R a in fen are limited more by soil O 2 than are those in mixed tundra. 3. therefore, short-term warming should raise net C uptake more in fen than in mixed tundra, and 4. O 2 limitations in fen causes more products of R h to be emitted as CH 4 than in mixed tundra, offsetting any gains in net C uptake in terms of greenhouse gas equivalents.
We test these explanations by conducting detailed comparisons of modeled energy and CO 2 exchange against EC measurements over a drier upland mixed tundra and a wetter lowland fen with contrasting hydrological conditions caused by different topographical positions within a common landscape. These comparisons are conducted under contrasting weather conditions over 5 years (2005) (2006) (2007) (2008) (2009) and are supported by concurrent tests of modeled changes in active layer depths (ALDs) and of CH 4 emissions against measurements at both sites.
Model Description
The key algorithms governing the simulation of hydrological controls on C and N transformations in ecosys are described in the supporting information to this article, in which equations and variables referenced in the Results and Discussion section below are described and listed in Appendices A through H in the supporting information. Algorithms representing biological processes of diverse microbial communities in soil, including aerobic (bacteria and fungi); facultative anaerobic (denitrifiers); and anaerobic (fermenters, and acetotrophic methanogens), heterotrophs, and autotrophs (nitrifiers, methanotrophs, and hydrogenotrophic methanogens), are presented in Appendix A: Microbial C, N, and P transformations; Appendix G: CH 4 production and consumption; and Appendix H: Inorganic N transformations. Physical processes driving soil-plant-atmosphere water transfer using coupled algorithms for hydraulically driven root water uptake with energy-driven canopy transpiration are presented in Appendix B: Soil-plant water relations. Biological processes driving C, N, and P transformations in multispecies plant communities using biochemically based algorithms for C fixation, transport, transformation, and respiration are presented in Appendix C: Gross primary productivity, autotrophic respiration, growth, and litterfall and in Appendix F: Symbiotic N 2 fixation. Chemical processes governing soil solute transformations including precipitation-dissolution, adsorption-desorption, and ion-pairing equilibria are presented in Appendix E: Solute transformations. All these algorithms were solved at an hourly time step from hourly changes in atmospheric boundary conditions. Physical processes driving soil water, heat, and solute transfers using partial differential and convective-dispersive algorithms are presented in Appendix D: Soil water, heat, gas, and solute fluxes. Algorithms for water, heat, and solute fluxes were solved at a 4 min time step, within which those driving gas transfers were solved at an 8 s time step, assuming constant boundary conditions during each hour. All parameters in these algorithms remained unchanged from those in earlier studies of forests, crops, and grasslands cited in this paper. The key model hypotheses for hydrological controls on heterotrophic respiration (R h ) (Appendix A), autotrophic respiration (R a ), and gross primary productivity (GPP) (Appendix C) are further described and tested for dryland sites in Grant et al. [2012a] and for wetland sites in Grant et al. [2012b] . Model hypotheses for hydrological controls on CH 4 production and oxidation (Appendix G) are further described and tested in Grant [1998 Grant [ , 1999 and in Grant and Roulet [2002] . These hypotheses are summarized in flow diagrams for aerobic and anaerobic heterotrophic transformations in Figure 1 of Grant [1998] and for hydrological controls on gaseous and aqueous transport of the substrates and products of these transformations in Figure 1 of Grant and Pattey [2008] .
Methods

Site Description
The mixed tundra and fen sites were located within an ∼1 km wide, shallow valley draining to the southwest into Daring Lake (64°52′N, 111°35′W) in the central Northwest Territories in Canada's Southern Arctic Ecozone. The fen site was a 48 ha wet-sedge meadow extending along the bottom of the valley, characterized by a fluctuating water table ±10 cm from the moss surface, with 40 to 70 cm of peat over a silt loam mineral soil. The mixed tundra site was located approximately 0.5 km upslope (1°) to the NW of the fen and was characterized by a topography-driven heterogeneous mix of two broad tundra types, mesic heath and shrub tussock tundra with approximately equal fractional coverage within the tower flux footprint. The organic layer ranged from 1 to 22 cm in depth over coarse textured mineral soil (sand to loamy sand). Key soil properties at both sites are summarized in Table 1 . The sites are further described in Humphreys and Lafleur [2011] and in Lafleur and Humphreys [2008] .
Site Measurements
The eddy covariance (EC) technique was used to measure CO 2 and energy fluxes at both sites during growing seasons from 2004 (mixed tundra) or 2006 (fen) to 2009. Net CO 2 exchange was computed as the sum of the turbulent CO 2 flux and the rate of change in storage of CO 2 below the height of the instrumentation. The EC methodology is further described in Lafleur and Humphreys [2008] . (Figure 1 ). The depth of the external water table with respect to the lowest segment was set to allow the depth of the water table in the segment representing the modeled fen site to remain within a few centimeters of the fen surface, consistent with a water table observed to remain within 10 cm of the moss surface at the Daring Lake fen site . The elevation of the mixed tundra landscape positions above the external water table (Figure 1 ) caused the mixed tundra to shed water, and the fen to gather water, whenever lateral surface and subsurface flows from the mixed tundra down to the fen were modeled. These flows allowed drying and rewetting of near-surface soil which enabled θ modeled in the mixed tundra to follow that measured during the growing seasons ). These flows eventually drove discharge from the shallow water table in the boundary fen to the external water table in Daring Lake. Water table dynamics used to simulate wetland hydrology in ecosys are described elsewhere [Grant et al., 2012b; Mezbahuddin et al., 2014] . Key properties used to represent the soils in each landscape segment (Table 1) were taken from analyses of soil samples or derived from pedotransfer functions. The second Ping et al. [1998] . c Values for organic layers were derived from generalized relationships in Boelter [1969] and Päivänen [1973] and those in mineral layers from pedotransfer functions in Saxton et al. [1986] .
d Sand, silt, and clay contents were recalculated in ecosys to account for SOC and coarse fragments. Values below 1 m assumed the same as those measured above.
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upper and second lower segments of the transect were used to represent the fetches of the flux towers at the mixed tundra and fen sites, respectively (Figure 1 ).
Plant Functional Types
Plant species used to represent vegetative communities for the mixed tundra (segments 1-4) and fen (segments 5 and 6) were taken from those given in site descriptions by Humphreys and Lafleur [2011] and Lafleur et al. [2012] and modeled as PFTs. Birch was modeled as a flood-tolerant dwarf deciduous tree (larger leaf specific area, N and P contents, full annual leaf turnover, and large root aerenchyma in Grant et al. [2009c Grant et al. [ , 2011a ), sedge as a wetland grass (larger leaf specific area, N and P contents, full annual aboveground turnover, and large root aerenchyma in Grant et al. [2012b] ), heath as a needleleaf semideciduous shrub (smaller leaf specific area, N and P contents, partial annual leaf turnover, and smaller root aerenchyma in Grant et al. [2009c Grant et al. [ , 2011a ), and moss and lichen as nonvascular semideciduous plants (smaller leaf specific area, N and P contents, partial annual leaf turnover, no aerenchyma, and no stomatal response in Dimitrov et al. [2011] ). The moss and lichen were associated with N 2 -fixing cyanobacterial populations which exchanged nonstructural N for nonstructural C and P with the host plants as described in Appendix F1-F26. The biological properties of these PFTs were the same as those used in earlier modeling studies of boreal forests and wetlands [e.g., Grant et al., 2009c Grant et al., , 2012b but with shortened internode lengths to reproduce the dwarf stature of the shrubs at Daring Lake [Grant et al., 2011a] . Because vertical profiles of canopy leaf area and root lengths are explicitly modeled from allocations of plant nonstructural C (C20 and C21), each PFT competes for irradiance, water, and nutrients within each canopy and rooted soil layer according to its vertical distributions of leaf area and root length driven by its growth.
Model Run
Site history was simulated by running ecosys with these landscape PFTs and soil properties for model years from 1 January 1907 to 31 December 2009 under repeating 6 year sequences of hourly-averaged weather data (radiation, T a , relative humidity, wind speed, and precipitation) recorded at Daring Lake from 1 January 2004 to 31 December 2009. During this period, atmospheric CO 2 concentrations (C a ) rose at 0.3% y À1 from 280 to 380 μmol mol À1 and concentrations of NH 4 + and NO 3 À in precipitation of 0.125 g N m À3 gave N deposition rates reported in Environment Canada [2004] . This spin-up allowed the model to attain stable values for CO 2 and energy exchange during successive sequences of weather data for several decades before its termination. Model results for CO 2 and energy fluxes from the second upper and lower segments of the landscape were then compared with those measured at EC towers in the mixed tundra and fen. Model results for CH 4 emissions from the fen segments were compared with those measured in the fen by Wilson and Humphreys [2010] .
In an accompanying paper [Grant, 2015] , this model run was extended from 2010 to 2110 under a climate change scenario generated by a regional circulation model. Separate runs were conducted for (1) no (2) increasing C a ; (3) increasing C a and T a ; and (4) increasing C a , T a , and precipitation to separate modeled impacts of each of these climate change factors on ecosystem productivity and PFT composition.
Results
Modeled Versus Measured Hourly CO 2 Fluxes
Hourly CO 2 fluxes in each landscape segment ( Figure 1 ) were modeled as the sum of CO 2 fixation (C1-C12), less R a (C13-C17) by all plant populations, and R h (A11-A25) by all microbial populations. Regressions of hourly modeled CO 2 fluxes versus hourly-averaged measured CO 2 fluxes for the mixed tundra and fen sites gave intercepts within 0.2 μmol m À2 s À1 of zero (except for the fen in 2006), and slopes within 0.1 of unity for both sites, indicating limited bias in modeled values for all years of the study (Table 2) . Values for coefficients of determination (R 2 ) and root-mean-squares for differences between modeled and EC fluxes (RMSD) were 0.7-0.8 (P < 0.0001) and 0.6-0.8 μmol m À2 s
À1
, respectively (Table 2) . These values were considered acceptable given the EC energy balance closure of 0.80 reported for this site [Lafleur and Humphreys, 2008] because the mechanisms responsible for incomplete energy balance closure have important consequences for the calculation of CO 2 fluxes measured with open-path infrared gas analyzers [Liu et al., 2006; Wilson et al., 2002] such as those used at Daring Lake. Much of the variance in EC fluxes unexplained by ecosys could be attributed to a random error of 20-30% in EC methodology for fluxes of the magnitudes measured in this study [Kessomkiat et al., 2013] . This attribution was corroborated by root-mean-square error (RMSE) for EC measurements at Daring Lake calculated from the equations of Richardson et al. [2006] that were similar to RMSD, indicating that further constraint in model testing could not be achieved without further precision in EC measurements. Table 3) . Differing weather during this period caused differing seasonal profiles of ice-free zones (Figures 2a-2j ) and of snowpack and ALD (Figures 3a and 3b ) to be modeled in the mixed tundra and fen from 4 min solutions to the general heat flux equation (D13) driven by surface energy exchange (D11) and subsurface heat transfer (D12) in the snowpack, surface residue, and soil layers. The accuracy with which snowpack depth can be modeled is affected by the accuracy with which snowfall events can be measured and by wind-driven redistribution of snow over the landscape which was not included in the model. However, this accuracy is important to modeling dates of snowmelt (Table 3 ) and consequent soil thawing (Figure 3 ). Both modeled and 
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measured ALDs started immediately after snowmelt, increased until mid-September, and then modeled ALD declined with freezing downward from the surface and upward from the permafrost in October-November (mixed tundra) or November-December (fen). Increases in modeled ALD were close to those measured in mixed tundra during all years of the study ( 
Seasonal Net CO 2 Exchange
In the model, ALD affected net CO 2 exchange by determining the volume of soil within which T s and θ (D13) were favorable for R h (A11 from A4 and A6), and hence microbial nutrient mineralization (A26 from A21 and A25), root nutrient uptake (C23 from C21 and C22), and thereby CO 2 fixation (C1 from C6 and C8). At the mixed tundra site, seasonal net CO 2 uptake modeled in ecosys did not vary with seasonal weather or ALD during warmer years from 2006 to 2008 but declined during cooler years with later snowmelts in 2005 and 2009 (Table 3) . These declines were caused by later onset of net CO 2 uptake in spring (e.g., Figure 4k (Table 3) . However, the later onset of net CO 2 uptake modeled in 2009 was not apparent in the EC measurements (Figure 4k ). Seasonal net CO 2 uptake derived from EC measurements was found not to vary with seasonal weather by Humphreys and Lafleur [2011] (Table 3) .
At the fen site, both modeled and measured seasonal net CO 2 uptake were greater during 2006 than during 2007-2009 due to an earlier and more rapid rise in spring uptake (Figure 4c versus Figures 4f, 4i , and 4l) with warmer spring T a (Figure 4a versus Figures 4d, 4g , and 4j), earlier snowmelt (Table 3 and Figure 3b ), and deeper ALD (Figure 2d ). Lower net CO 2 uptake modeled with later snowmelt and cooler spring T a in 2005 and 2009 was not clearly apparent in the EC-derived values (Table 3) . Seasonal net CO 2 uptake in the model was greater than that derived from EC measurements (Table 3) because modeled uptake persisted into September while EC uptake terminated at the end of August (Figures 4c, 4f , 4i, and 4l). 4.2.3. Annual C Balances Differences in seasonal net CO 2 uptake modeled in the mixed tundra versus fen (Table 3) were caused by differences in GPP, R a , and R h (Table 4) . For all years of the study, annual GPP modeled in the fen was similar to that in the mixed tundra, but belowground R a in the poorly drained fen was limited by O 2 constraints in saturated soil below the shallow water table (C13 and C14) so that NPP modeled in the fen was larger (Table 4) . Annual R h modeled in the fen was also limited by O 2 constraints (A14 from A17) and hence was less than, or similar to, that in the mixed tundra, except in 2007. Consequently, annual NEP Table 1) .
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10.1002/2014JG002888 modeled in the fen was greater than that in the mixed tundra (Table 4) as was seasonal net CO 2 exchange (Table 3) . During 2007, very low precipitation in spring and early summer (Figure 4d ) caused surface drying in the better drained mixed tundra which reduced R h (A4) ( Table 4 ) and hence raised net CO 2 uptake before rewetting in mid-July (Figures 4d and 4e) . However, rewetting of the mixed tundra from (Table 4 and Figures 4g and 4h ).
Contrasting effects of warmer versus cooler weather on net CO 2 uptake in the mixed tundra versus fen (Table 3) were also apparent in annual C fluxes (Table 4 ). In the mixed tundra, warmer weather, drier soil, and hence deeper ALD during 2006 (Figures 2 and 3 ) raised GPP only slightly more than R a and R h from those modeled during cooler years with similar precipitation in 2005 and 2008, so that NEP was only slightly raised (Table 4) . Increases in GPP with warming were attributed to more rapid carboxylation and respiratory kinetics, represented by the low-temperature inactivation terms in Arrhenius equations used to model the temperature dependence of CO 2 fixation (C10), R a (C22), and R h (A6). This term caused Q 10 derived from these equations to rise with lower temperatures , as found in experimental studies on the temperature dependence of CO 2 fixation by Fu and Gibbs [1987] , and of R h by Tuomi et al. [2008] , so that sensitivity of biological reactions to temperature was greater in cooler climates. In the fen, however, warmer weather during 2006 raised GPP similarly to that in the mixed tundra but raised modeled R e less (Table 4) . This smaller rise in R e was attributed to greater O 2 constraints (C13 and A14) and to less soil warming in wetter soil, apparent as a smaller increase in ALD (Figure 3) , so that NEP modeled in the fen rose during 2006 as found experimentally by Humphreys and Lafleur [2011] (Table 3) .
Modeled GPP was partially sustained in the mixed tundra, and more so in the fen, from biological N 2 fixation by microbial symbionts (F12-F20) (Table 4) which exchanged nonstructural N for nonstructural C and P with the lichen (mixed tundra) and moss (fen) canopies (F21-F26). Fixation rates were similar to ones of 0.14 and 1.09 g N m À2 y À1 estimated by Stewart et al. [2011] from field measurements in heath-lichen tundra and wet-sedge meadow, respectively, at Daring Lake in 2007 and 2008. Modeled GPP was also sustained by nonsymbiotic N 2 fixation (A27) and N net mineralization (A25), particularly in the mixed tundra (Table 4 ). All these plant N sources rose with warming in the mixed tundra and the fen (2006) but declined with drying in the mixed tundra (2007).
Annual NEP in the model (Table 4) was lower than seasonal NEP (Table 3) because CO 2 exchange modeled from 1 September to 14 May each year caused net losses of C, mostly during September and October, particularly in 2008 (Figure 4) . Greater annual NEP modeled in the fen versus mixed tundra was more than (Tables 3 and 4) was most apparent when net CO 2 uptake by the mixed tundra declined during summer warming events (e.g., Figure 4b versus Figure . Differences in responses of uptake to T a between the two sites were investigated by examining diurnal CO 2 and energy exchange modeled and measured during these events (Figures 5 and 6 ). When T a exceeded 20°C (Figures 5a and 6a ) and vapor pressure deficits (D) exceeded 1.5 kPa (Figures 5b and 6b) , sharp midafternoon declines of net CO 2 uptake were modeled and measured over drier soil in the mixed tundra in Figure 5e and DOY 199-201 in Figure 6e ) but less so over wetter soil in the fen (same periods in Figures 5f and 6f) . These declines indicated a more adverse effect of warming on GPP in the mixed tundra.
In ecosys, these declines were modeled by seeking a common value of ψ c (B14) at which (a) root and mycorrhizal water uptake U w (B5) driven by soil-root-canopy water potential gradients ψ s -ψ r -ψ c across soil and root hydraulic resistances Ω s and Ω r (B9-B12) in each rooted soil layer (B6) equilibrated with (b) canopy transpiration E c (B1) driven by vapor pressure gradients across surface resistances r c , calculated from ψ c in vascular plant functional types (B2), and boundary layer resistances r a calculated from wind speeds (B3). In the mixed tundra, midafternoons with higher T a and D caused more rapid E c from (b) which with lower ψ s and higher Ω s in well-drained soil from (a) forced lower ψ c and hence higher r c of the vascular heath PFT that dominated the mixed tundra segments of the modeled landscape (Figure 1 ). These rises in r c limited further declines in ψ c but also limited rises in E c and hence in latent heat LE with rises in D (Figures 5c and 6c ). In the fen, midafternoons with higher T a and D also caused more rapid E c from (b) which also forced lower ψ c of the nonvascular moss PFT that dominated the fen segments of the modeled landscape. However, a response of r c to ψ c was not modeled in nonvascular plants, so that moss r c did not change and ψ c was forced to decline to values at which U w , sustained by higher ψ s and lower Ω s in poorly drained soil from (a), equilibrated with E c , driven by vapor pressure gradients from the moss surface to the atmosphere from (b). Higher D thus raised E c and LE modeled and measured in the fen (Figures 5d and 6d) as long as the surface soil remained moist. Figure 6f ) through coupled algorithms for CO 2 diffusion V g (C2) and carboxylation V c (C3) used to calculate CO 2 fixation (C1). These greater declines, corroborated by smaller LE and larger H modeled and measured under higher D in the mixed tundra than in the fen (Figure 5c versus Figure 5d and Figure 6c versus Figure 6d ), support hypothesis 1 in the Introduction that net C uptake will be more adversely affected by high T a events in mixed tundra than in fen.
Temperature Effects on CO 2 Emissions
Warming also affected CO 2 effluxes modeled from the mixed tundra differently than those from the fen, indicating different ecological controls on R e . Effluxes modeled from the mixed tundra rose with warming in July 2006 to >3 μmol m À2 s À1 because moist surface litter and surface soil from frequent rainfall (DOY 201-203 in Figure 5b ) hastened decomposition (A1) and hence microbial respiration (A11) and growth (A25) by increasing microbial habitat and hence activity (A4). CO 2 effluxes modeled from the fen during warming remained <2 μmol m À2 s À1 (Figure 5f ) because slow aqueous O 2 diffusion through saturated soil below the water table (D16 and D19) imposed limitations to aerobic microbial (A14) and root (C14) respiration, partially offset by root O 2 uptake through aerenchyma in the sedge and birch. This slower diffusion was caused by the shallow water table maintained in the fen by downslope surface (D1) and subsurface (D9) water flow from the mixed tundra above mostly during spring melt and by lateral water exchange with the external water table (D10) through the lake boundary and lower fen (Figure 1 ). CO 2 effluxes measured from the mixed tundra during warming were also larger than those from the fen when the mixed tundra surface was moist in 
Precipitation Effects on Respiration
Lower and higher annual R h were modeled in the mixed tundra during the drier and wetter years 2007 and 2008, respectively, in spite of similar mean annual temperature (MAT) ( Table 4 ), indicating that precipitation affected R h and hence NEP modeled in this drained upland ecosystem. The response of CO 2 exchange to precipitation in the model was investigated by examining diurnal CO 2 and energy exchange modeled and measured in the mixed tundra before and after the late onset of precipitation in 2007 (Figure 4d ). CO 2 effluxes modeled and measured during DOY 177-183 before the onset of precipitation remained smaller than those modeled and measured during DOY 196-202 afterward (Figure 7e versus Figure 7f ), even though T a was higher (Figure 7a versus Figure 7b ). Although R h is not directly measured by EC, model hypotheses for the effects of θ on microbial activity and hence R h (A4) explained the large increase in CO 2 effluxes ( Figure 7 ) and the consequent sharp drop in NEP (Figure 4 ) measured by EC after the onset of precipitation in 2007.
These smaller effluxes were modeled because the surface litter and surface soil in the mixed tundra dried during periods without precipitation when surface evaporation (D6) driven by surface energy exchange (D11) exceeded upward water movement to the surface driven by water potential gradients (D7). Dry litter and surface soil were thus modeled during DOY 177-183 before precipitation, apparent in smaller LE and greater H (Figure 7c ). Drying reduced CO 2 effluxes from the litter and surface soil modeled under higher T a by slowing decomposition (A1) and hence microbial respiration (A11) and growth (A25) through reducing microbial habitat (A4) and ψ s (A15). Subsequent wetting of litter and surface soil by precipitation increased LE, reduced H (Figure 7d ), and increased CO 2 effluxes modeled during DOY 196-202 similarly to those measured (Figure 7d ). CO 2 influxes modeled and measured in the mixed tundra before and after surface wetting were similar (Figure 7e versus Figure 7f) , so that the late onset of precipitation in 2007 caused net (Figures 4g and 4h ). These sharp declines were neither modeled nor measured in the fen (Figures 4c, 4f , and 4i), in the model because upward water movement to the surface from the shallow water table prevented litter and surface soil from drying. Limitations on R h imposed by surface drying caused hypothesis 2 to be refuted if warming occurred when tundra surfaces were dry. 4.3.4. Weather Effects on Net CO 2 Uptake As shown above, CO 2 influxes declined less with rises in D, and CO 2 effluxes rose less with rises in T a in the fen than in the mixed tundra when wet (Figures 5 and 6) . Consequently, the rise in NEP with earlier snowmelt and warming was greater in the fen than in the mixed tundra (Table 4) , as proposed in hypothesis 3. Humphreys and Lafleur [2011] attributed this greater rise to an association between earliness of net CO 2 uptake and total seasonal net CO 2 uptake in the fen that was not apparent in the mixed tundra. This association was investigated by comparing CO 2 fluxes measured and modeled following earlier snowmelt and warming in 2006 versus later snowmelt and warming in 2009 (Table 3) . Larger increases in CO 2 influxes were modeled with earlier warming in 2006 versus 2009 in the wetter fen (Figure 8e versus Figure 8f ) than in the drier mixed tundra (Figure 8c versus Figure 8d ) where midafternoon declines occurred under higher T a , as also occurred later in the year (Figure 5e versus Figure 5f ). In ecosys, CO 2 fixation was modeled from prognostic, growth-driven leaf area index (LAI) (C21) that increased with earlier snowmelt and warming. , augmented from late July to early September by diurnal increases of 1-2.5 mg C m À2 h À1 during afternoons with greater soil warming (e.g., DOY 221-224 in Figure 9b ). These emissions were driven by aqueous O 2 concentrations [O 2(s) ] that declined sharply with depth below the water table. In saturated soil, O 2 supply was restricted to aqueous diffusion in the soil (D19-D21) and to gaseous and aqueous diffusion through the root aerenchyma (D16-D17), causing sharp reductions in O 2 influxes in the fen versus mixed tundra (Figure 10b versus Figure 10a ). 
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alleviated O 2 constraints on oxidation, reduction (G1), and assimilation (G3) of this increased DOC by anaerobic fermenters which produced acetate and H 2 substrates for methanogenesis (G2).
The production of acetate and H 2 by fermenters drove CH 4 production from modeled heterotrophic (G7-G11) and autotrophic (G12-G17) methanogenesis, respectively. At the same time, O 2 constraints on autotrophic methanotrophy (G21) within a shallow nearsurface aerobic zone limited CH 4 oxidation in the model (G18-G27). Consequent rises in aqueous CH 4 concentrations [CH 4(s) ] (G8 and G14) drove bubbling (D18) and aqueous diffusion (D19) to, and volatilization (D14 and D15) from, aqueous-gaseous interfaces in soils and roots which gave the basal rates of CH 4 emission in Figure 9 . The diurnal emissions ( Figure 10b ) were driven by degassing (D14) and bubbling (D18) of up to 2.5 mg C m À2 h
À1
, mostly from 0.05 to 0.10 m below the water table, forced by declining CH 4 solubility in diurnally warming water (Figure 10d ) as described in Grant and Roulet [2002] . However, bubbling was modeled only after total aqueous gas concentrations in the model (N 2 , O 2 , CO 2 , CH 4 , H 2 , NH 3 , and N 2 O) reached a gaseous equivalent of one atmosphere at ambient T a . These total concentrations remained below this value with cooler soil and slower biological activity before late July and after mid-September, during which time bubbling did not contribute to diurnal variation in modeled emissions (Figure 9a ). These modeled emissions caused the annual CH 4 effluxes of 2-5 g C m À2 in Table 4 .
The measured CH 4 emissions with which model results were compared were recorded during 2 h periods between 12:00 and 18:00 h, and so may have missed or only partly captured any late afternoon bubbling events. These measured fluxes showed large variability similar in magnitude to that of the modeled emission events (Figure 9a ).
The lower energy yields of fermentation (G5) and methanogenesis (G10 and G16) from those of aerobic oxidation (A21) reduced R h and hence CO 2 emissions modeled in the fen from those in the mixed tundra (Figure 10b versus Figure 10a ). These reduced emissions were apparent in reduced ecosystem CO 2 effluxes measured and modeled in the fen versus mixed tundra (Figure 10f versus Figure 10e ) and caused the reductions in annual R h modeled in the fen during some of the years in Table 4 .
In the presence of a gaseous phase in the drier mixed tundra, larger O 2 influxes (Figure 10a versus Figure 10b ) maintained higher [O 2(s) ], which enabled aerobic heterotrophs rapidly to oxidize DOC and aerobic autotrophs to oxidize CH 4 . Oxidation reduced DOC and acetate substrates available to fermenters and methanogens, thereby reducing [CH 4(s) ] and eliminating effluxes of CH 4 and DOC (Table 4) , while maintaining very small influxes of CH 4 that followed those of O 2 (Figure 10a ). Both measured and modeled results indicated very small net uptake of CH 4 in the mixed tundra.
Seasonal CH 4 Emissions
Daily-aggregated CH 4 emissions modeled from the fen during 2005-2009 remained small during winter and early spring (Figure 11a ), but increased during late spring and summer with rising T s , deepening ALD ( Figure 2 ) and declining [O 2(s) ] (Figure 11b ). These increases were particularly apparent during several brief emission events 
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modeled during soil thawing from late May to early July, although not in all years (Figure 11a ). These events occurred when surface drying following thawing opened a gaseous pathway into the soil, allowing rapid subsurface volatilization of CH 4(s) (D14) remaining in frozen soil since the previous autumn (Figure 11c ). During this period [CH 4(s) ] declined sharply from emission and dilution with soil thawing (Figure 11c ).
CH 4 emissions modeled during summer were generally larger than those during spring but with less pronounced emission events (Figure 11a ). Emissions modeled during summer 2005 were smaller than those modeled later because cooler weather (Table 3) caused T s to remain low resulting in a shallower ALD (Figure 2) . A large fraction (50-75%) of the modeled CH 4 effluxes was conducted to the surface through highly porous sedge roots (D14-D17), indicating that these effluxes were sensitive to modeled sedge root density. During summer, [O 2(s) ] remained low ( Figure 11b ) and [CH 4(s) ] rose gradually with sustained production of CH 4 (Figure 11c ). The onset of large diurnal variation in CH 4 emissions in late July (Figure 9a ) coincided with a rise in modeled [CH 4(s) ] above~1 g C m À3 at 0.05 m, as total aqueous gas concentrations approached a gaseous equivalent of one atmosphere.
Modeled CH 4 effluxes declined with T s during early autumn, but rose sharply with the onset of soil freezing (Figure 11a ), indicated by declines in ALD caused by freezing downward from the surface and upward from the permafrost (Figures 2b, 2d, 2f, and 2h) . These large effluxes were attributed in the model mostly to bubbling of CH 4(s) (D18) at high concentrations (Figure 11c ), forced by rising aqueous gas concentrations modeled with declining θ during freezing. The timing and magnitude of these autumn emission events varied greatly from year to year (Figure 11a ). Modeled CH 4 effluxes declined during later autumn and winter as the depth of surface freezing moved below 0.2 m (Figure 2 ).
Discussion
Weather Effects on Net CO 2 Exchange in the Mixed Tundra
Modeled and measured net CO 2 exchange indicated that the drier mixed tundra and wetter fen at Daring Lake were net C sinks in all years of the study (Figure 4 ). The seasonal net CO 2 uptake modeled and measured in the mixed tundra (41-67 and 50-74 g C m
À2
, respectively, in Table 3 ) was smaller than ones of 69-95 g C m À2 estimated from EC fluxes during eight growing seasons by Parmentier et al. [2011] in a mixed tussock-sedge, dwarf-shrub, and moss tundra with a continental climate at Kytalyk in NE Siberia. However, it was greater than seasonal net CO 2 uptake of À61 (C loss) to 1 g C m À2 estimated from EC fluxes during five growing seasons by Kwon et al. [2006] at a moist-tussock tundra with a continental climate but lower precipitation at Atqasuk in Alaska and of 4-40 g C m À2 estimated from EC fluxes during 11 growing seasons by Lund et al. [2012] in a high-Arctic heath tundra with a maritime climate and lower T a at Zackenberg, Greenland.
These wide ranges of seasonal net CO 2 uptake modeled and measured across years at each of these tundra sites indicated substantial interannual variability caused by seasonal changes in weather. Seasonal net CO 2 uptake modeled at the mixed tundra site in this study fell below 50 g C m À2 when snowmelt was later than DOY 148 and growing seasons were cooler than 7-8°C (e.g., 2005 and 2009 in Table 3 ) because GPP decreased more than R e (e.g., 2005 versus 2006 in Table 4 ). These declines in seasonal net CO 2 uptake were consistent with those estimated by Grøndahl et al. [2008] with snowmelt dates later than DOY 155 in the heath tundra at Zackenberg. The smallest net CO 2 uptake in the mixed tundra site at Daring Lake modeled with the latest snowmelt date (41 g C m À2 with DOY 156 in Table 3 ) was similar to the largest net CO 2 uptake estimated by Lund et al. [2012] from EC measurements at Zackenberg during the growing season with one of the earliest snowmelt dates (40 g C m À2 with DOY 158). This similarity indicated a continuous decline in net CO 2 uptake with later snowmelt during June for heath tundra across the two sites.
However, seasonal net CO 2 uptake modeled for the mixed tundra site at Daring Lake was not clearly associated with weather when snowmelt was earlier than DOY 149 and growing seasons were warmer than 7-8°C (e.g., 2006-2008 in Table 3 ). Humphreys and Lafleur [2011] did not find a significant correlation between snowmelt date and seasonal net CO 2 uptake derived from EC measurements for the mixed tundra site at Daring Lake. Lund et al. [2012] found that seasonal net CO 2 uptake declined following an unusually early snowmelt (DOY 136) at Zackenberg possibly because of water stress. Parmentier et al.
[2011] also found no relation between seasonal net CO 2 uptake and growing season length or T a at
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Kytalyk, with similar MAT and snowmelt dates to those at Daring Lake, because R e rose more with warming than did GPP. In ecosys, the limited response of net CO 2 uptake to earlier snowmelt in the mixed tundra was explained by adverse effects of warming events on CO 2 fixation over drier soil (Figure 8c versus Figure 8e ).
The partial association of snowmelt date and growing season T a with net CO 2 uptake modeled in the upland tundra at the seasonal time scale (Table 3) was less apparent at the annual time scale because greater net CO 2 uptake with warming during the growing season was offset by greater net CO 2 emission from larger litter stocks during the rest of the year (Table 4) . Net emission of 17-41 g C m À2 modeled in the mixed tundra and of 10-25 g C m À2 in the fen (Table 4 versus Table 3 ) were similar to a total CO 2 efflux of 27 g C m ) were consistent with measured constraints on GPP imposed by higher T a which were attributed by Lund et al. [2012] to reduced g c under higher D in a high-Arctic tundra heath at Zackenberg. These constraints would be greater at sites with continental climates such as Kytalyk where intense warming events occur, possibly causing the declines in GPP during warmer growing seasons found by Parmentier et al. [2011] . However modeled R e continued to rise sharply with warming at these sites from high Q 10 in cold soils, adversely affecting net CO 2 exchange as has also been found with experimental warming. Artificial warming of 9°C was found to raise R e more than CO 2 fixation at a tundra site near Zackenberg by Marchand et al. [2005] , which was consistent with more rapid net C loss under higher T a and D measured by Kwon et al. [2006] in the moist-tussock tundra at Atqasuk. Such losses reduced the response of net CO 2 uptake to earlier snowmelt in warmer years in tundra with continental climates.
Wetting of litter and surface soil from precipitation was found to increase R h and hence R e modeled in the mixed tundra (Figure 7 ), causing short-term reductions in NEP (e.g., 2008 versus 2007 in Table 4 ). However, increased R h also drove more rapid N net mineralization in rewetted litter and surface soil (A25) which sustained greater GPP thereafter (Table 4 ). The larger CO 2 effluxes modeled with rewetting ( Figure 7) were consistent with pulses of CO 2 effluxes commonly observed after rewetting of previously dry soil surfaces [Huxman et al., 2004] as modeled by ecosys elsewhere [Grant et al., 2012a] . Similar increases in tundra CO 2 emissions have been measured after experimental wetting of tundra soil, so that increases in precipitation widely projected for arctic regions are expected to have important effects on tundra C balances [Christiansen et al., 2012; Lupascu et al., 2014; Sharp et al., 2013] .
Weather Effects on Net CO 2 Exchange in the Fen
The net CO 2 uptake modeled and measured during the four growing seasons in the fen (72-108 g C m À2 in Table 3 ) were similar to ones of 50-123 g C m À2 estimated from EC fluxes by Rennermalm et al. [2005] during five growing seasons in a fen with a maritime climate at Zackenberg, Greenland, with an ALD similar to that at the fen in this study. This uptake was smaller than ones of 104-161 g C m À2 estimated by Harazono et al.
[2003] during two growing seasons, but larger than ones of 49-70 g C m À2 estimated by Kwon et al. [2006] during five growing seasons, from EC fluxes at coastal wet-sedge tundras with a maritime climate near Barrow, Alaska, with lower T a and a shallower ALD. This uptake was also larger than one of 59-69 g C m
À2
estimated by Humphreys et al. [2014] over two growing seasons at two bogs in northern Ontario near the southern limit of permafrost and of 4-53 g C m À2 estimated by Aurela et al. [2004] in a mesotrophic fen at Kaamanen in northern Finland. Net CO 2 uptake in arctic wetlands is thus consistently greater than that in uplands, due in part to symbiotic N 2 fixation in moss [Stewart et al., 2011] (Table 4) .
Seasonal net CO 2 uptake modeled and measured in the wetter fen responded differently to changes in weather than did that in the drier mixed tundra. Earlier snowmelt and a warmer growing season increased net CO 2 uptake in the fen (e.g., 2006 versus 2009 in Table 3 ) by hastening early LAI growth and thereby
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raising GPP more than R e (Figure 8e versus Figure 8f ) to a greater extent than in the mixed tundra ( Figure 8c versus Figure 8d ). This response to earlier snowmelt appears to occur widely in Arctic fens and other wetlands. Aurela et al. [2004] found a gain of 2.0 g C m À2 y À1 in the annual CO 2 balance at a fen at Kaamanen, Finland, for each 1 day advance in the snowmelt date, somewhat larger than the gain of 1.5 g C m À2 y À1 d À1 modeled for the fen at Daring Lake (Tables 3 and 4) . Kwon et al. [2006] attributed rapid early-season C gain in a wet-sedge tundra at Barrow, Alaska, to greater photosynthetic capacity due to early onset of plant development with earlier snowmelt and to slow R e from low T s in frozen soils. Rennermalm et al. [2005] attributed greater seasonal net CO 2 uptake in a high-Arctic fen at Zackenberg to earlier LAI growth enabled by earlier snowmelt. Griffis et al. [2000] also attributed greater net CO 2 uptake by a fen in sub-Arctic Manitoba to early snowmelt combined with wet and warm weather during spring. Interannual variability in net CO 2 exchange has been found to be determined more by GPP and less by R e in Arctic fens than in mesic and dry upland Arctic tundra [Griffis et al., 2000; Kwon et al., 2006] , as modeled here (Table 4 and Figure 8 ).
Weather Effects on CH 4 Emissions in the Fen
Annual CH 4 emissions modeled from the fen at Daring Lake varied from 2.3 to 4.8 g C m À2 (Table 4) However, the large and complex diurnal variation in modeled fluxes (Figures 9a and 11a ) precluded any simple associations with θ, T s , and ALD. Much of this variation was driven by physical processes controlling gas transfers and release in the model, such as volatilization and diffusion, the parameterizations of which were well constrained from basic properties of gases such as solubility and diffusivity. While total aqueous gas concentrations remained below a gaseous equivalent of one atmosphere, these processes caused diurnal variation in modeled fluxes to remain very small (Figure 9a ). However, once total aqueous gas concentrations reached this gaseous equivalent, these same processes forced degassing with diurnal soil warming (e.g., Figure 9a ), greatly increasing the sensitivity of CH 4 emissions to T s . This increased sensitivity enabled the large apparent Q 10 values frequently fitted to experimental studies [e.g., Walter and Heimann, 2000 ] to be modeled with biologically realistic Q 10 values ((A6); see Figure 2 in Grant [2015] ). The model thus simulated both the absence of diurnal variation in CH 4 emissions found in some studies [JackowiczKorczyński et al., 2010; Tagesson et al., 2012] and the large diurnal variation found during the warmer part of the growing season in other studies [Friborg et al., 2000; Long et al., 2012; Nakano et al., 2000] .These same well-constrained processes controlling gas transfers and release in the model also drove several emission events during soil thawing in spring and freezing in autumn (Figure 11a ). In spring, these events were caused by the reestablishment of gaseous pathways through the near-surface soil to the atmosphere with thawing ( Figure 2 ) that hastened volatilization of aqueous CH 4 stored in unfrozen water over the previous winter. In autumn these events were caused by declining θ during freezing (Figure 2 ) that forced volatilization of much of the aqueous CH 4 remaining from the previous summer. The simulated CH 4 emission events were thus an intrinsic model response to soil thawing and freezing, the timing and rates of which varied greatly from year to year. Corresponding CO 2 emission events were also modeled, but these were much smaller than those of CH 4 relative to annual emissions.
These emission events were sustained by high [CH 4(s) ] modeled during spring and autumn that had risen gradually from lower values modeled during summers (Figure 11c ). These summer [CH 4(s) ] were similar to concentrations of 0.5-1.5 g C m À3 recorded in a subarctic wetland in northern Sweden, over which CH 4
emissions of 1-6 mg C m À2 h À1 were measured by Ström and Christensen [2007] , and to concentrations Heyer et al. [2002] . This similarity of measured and modeled CH 4 concentrations ( Figure 11c ) and emissions ( Figure 11a ) during summer indicated that physical processes governing CH 4 transfers and release were likely to have been accurately modeled. However, measurements to corroborate larger [CH 4(s) ] modeled during spring and autumn emissions are lacking, likely because water extraction from partially frozen soil would be difficult.
Emission events similar to those modeled during spring and autumn (Figure 11a ) have frequently been reported from field studies. Friborg et al. [1997] measured rapid rises in CH 4 emissions during spring thaw in a subarctic mire which they attributed to release of subsurface CH 4 accumulated during winter. Heyer et al. [2002] sometimes measured greater CH 4 emissions, with greater temporal variation, in spring than in summer at a subarctic tundra in western Siberia, even when air temperatures were 10°C lower. Sudden increases in emissions to~5 mg C m À2 h À1 measured in spring were associated with drops in water table during thawing, rather than with soil warming [Heyer et al., 2002] . Most of these emissions were attributed to CH 4 generated the previous year, as modeled in this study (Figure 11a ).
The large-emission events modeled during soil freezing in late October and November ( Figure 11a ) were consistent with a large CH 4 emission events of up to 300 mg C m À2 d À1 measured during soil freezing in autumn by Mastepanov et al. [2008] with automated chambers in the high-Arctic fen at Zackenberg. This measured burst was attributed by Mastepanov et al. [2008] to degassing during freezing, as were the emission events in this study. Sturtevant et al. [2012] reported brief CH 4 emission events of up to 72 mg C m À2 d À1 during autumn freezing from EC and chamber flux measurements on a wet-sedge tundra near Barrow, Alaska. These events were associated with high wind speed, which can induce bubbling. Autumn CH 4 emissions in the model contributed 0.3-0.4 of annual CH 4 emissions. This contribution was larger than one of 0.21-0.25 estimated by Sturtevant et al. [2012] from EC fluxes but was similar to one of 0.35 estimated by Wille et al. [2008] from EC fluxes over a wet tundra on Samoylov Island in Siberia. Autumn CH 4 emissions are thus an important component of annual CH 4 emissions used in greenhouse gas inventories, so that the degassing processes thought to drive these emissions need to be represented in models used to estimate these inventories. However, large interannual variation in the timing and magnitude of both spring and autumn emission events in the model (Figure 11a ) would require extended, continuous measurements of early and late season emissions to be corroborated.
Implications for Effects of Long-Term Climate Warming on Net CO 2 and CH 4 Exchange
The responses to changes in seasonal weather of net CO 2 exchange in mixed tundra and fen, and of CH 4 emissions in the fen, modeled and measured in this study may have important implications for their responses to long-term climate warming. These responses suggest that fens may be better placed to increase net CO 2 uptake with climate warming than are upland tundras. However, the effects of long-term climate warming are also affected by other processes that occur at longer time scales than that of this study, notably changes in PFTs, landscape hydrology, and nutrient cycling, which may not have been fully accounted for in the short-term results presented here. Accurately modeling responses of CO 2 and CH 4 exchange to changes in seasonal weather, as attempted in this study, is a vital prerequisite to accurately modeling these responses to climate change. However, modeling these longer-term responses should also account for the longer-term processes by which these responses are also affected. These effects are best modeled by gradually incrementing meteorological boundary conditions according to climate change projections over decadal to centennial time scales, as presented in an accompanying study [Grant, 2015] .
